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v i i  
SUMMARY 
It i s  t h e  o b j e c t  of t h i s  s tudy  t o  g a i n  a  mo.l:e d e t a i l e d  and s y s t e -  
mat ic  account of t h e  r o l e  played by s u r f a c e  phenomena, i . e . ,  s u r f a c e  r e -  
newal by condensat ion,  i n  t h e  a b s o r p t i o n  of oxygen by a  water  drop from 
a i r .  
The amount of oxygen absorbed by i n d i v i d u a l  d rops  of water  a f t e r  
formation a t  t h e  t i p  of a  hypodermic need le  has  been measured. The v a r i -  
a b l e s  s tud i ed  were t h e  humidity and oxygen concent:cation i n  t h e  a i r  and 
t h e  exposure t ime of t h e  drop.  
The r a t e  of mass t r a n s f e r  was observed t o  i n c r e a s e  w i t h  bo th  t h e  
humidity and oxygen concen t r a t i on  i n  t h e  a i r  and w:ith t h e  c o n t a c t  t ime.  
Current  t h e o r i e s  of abso rp t ion  a r e  inadequate  t o  d e s c r i b e  t h i s  s u r f a c e  
phenomena, and an  a l t e r n a t i v e  theory  should be  p o s t u l a t e d .  
CHAPTER I 
INTRODUCTION 
The importance of sp rays  and scrubbing  i n  i n d u s t r i a l  abso rp t ion  
processes  has  l e d  i n  r ecen t  y e a r s  t o  s t u d i e s  on t h e  abso rp t ion  of gases  
by t h e  i n d i v i d u a l  u n i t s  of t he se  sp rays ,  l i q u i d  drops .  I n  most sc rubbing  
systems c u r r e n t l y  i n  use ,  an aqueous s o l u t i o n ,  u s u a l l y  wa te r ,  i s  brought  
i n t o  con tac t  w i t h  a  gas and a  component such a s  oxygen i s  absorbed by 
t h e  l i q u i d  drop.  
E a r l i e r  i n v e s t i g a t o r s ,  t r y i n g  t o  i n c r e a s e  t h e  e f f i c i e n c i e s  of 
t he se  s c rubbe r s ,  have s tud i ed  t h e  e f f e c t  of v a r i o u s  p h y s i c a l  parameters  
on t h e  a b s o r p t i o n  of a  gas  by a  l i q u i d ,  These parameters  i nc lude  t h e  
composition, c o n t a c t  t ime and t h e  s o l u b i l i t i e s  of each ,  L i t t l e  ha s  been 
s a i d ,  however, of t h e  e f f e c t  of s u r f a c e  p r o p e r t i e s  on t h e  abso rp t ion  r a t e ,  
Various techniques  which tend t o  a l t e r  s u r f a c e  c h a r , a c t e r i s t i c s  have 
a f f e c t e d  t h i s  r a t e .  Temovskaya and Belopolsk i  [ l ]  observed a  dec rease  i n  
t h e  r a t e  of a b s o r p t i o n  of SO i n t o  water  i n  t h e  presence  of s u r f a c t a n t s .  2  
Matteson and Gia rd ina  [2]  s t u d i e d  t h e  e f f e c t  of an app l i ed  s u r f a c e  charge 
i n  t h e  a b s o r p t i o n  of SO2 by a  water  d r o p l e t ,  and ob ta ined  an  i n c r e a s e  of 
2  
60% i n  t h e  r a t e  of mass t r a n s f e r  w i th  a  charge d e n s i t y  of 6 S t a t  C/cm . 
Mark [ 3 ]  h a s  a l s o  shown t h a t  a b s o r p t i o n  r a t e s  a r e  s i g n i f i c a n t l y  i nc reased  
i n  t h e  presence  of a  charged s u r f a c e .  
Not u n t i l  r e c e n t l y  has  ano the r  technique of a l t e r i n g  t h e  s u r f a c e  
c h a r a c t e r i s t i c  been under s tudy ,  t h a t  of s u r f a c e  renewal  by condensa t ion ,  
Bogaevski i  [ 4 ]  expla ined  t h a t  a  growing drop of l i q u i d  i s  a b l e ,  a s  a  
consequence of t h e  condensat ion of vapor on i t s  s u r f a c e ,  t o  absorb more 
gas under c e r t a i n  c o n d i t i o n s  than a  s i m i l a r  drop of s i m i l a r  dimensions.  
The e x p l a n a t i o n  of t h i s  phenomenon is t h a t  t h e  s u r f a c e  of t h e  growing 
drop i s  c o n t i n u a l l y  renewed by t h e  condensat ion of vapor  on i t .  
It was w i th  t h i s  i n  mind t h a t  a  s t udy  was undertaken t o  des ign  an  
exper imenta l  a p p a r a t u s  t o  observed t h e  i n f l u e n c e  of' t h i s  phenomenon on t h e  
r a t e  of a b s o r p t i o n  of  oxygen by a  growing drop of wa te r .  This  s tudy  
could b r i n g  o u t  t h e  importance of s u r f a c e  renewal  by condensat ion a s  t he  
dominant f a c t o r  i n  c o n t r o l l i n g  unsteady s t a t e  i n t e r p h a s e  mass t r a n s f e r .  
CHAPTER I1 
GENERAL DISCUSSION 
The b a s i s  of a l l  p rocesses  i nvo lv ing  t h e  a b s o r p t i o n  of a  gas  l i e s  
i n  t h e  f a c t  t h a t  a  l iqu id-gas  system which i s  n o t  i n  e q u i l i b r i u m  tends  t o  
approach equ i l i b r ium cond i t i ons .  Thus, i f  a  l i q u i d  i s  n o t  s a t u r a t e d  wi th  
gas under t h e  e x i s t i n g  cond i t i ons  abso rp t ion  occurs ,  whereas i f  i t  is 
s u p e r s a t u r a t e d  t h e  r e v e r s e  is  t r u e .  Equi l ib r ium o r  s a t u r a t i o n  r e p r e s e n t s  
t h e  u l t i m a t e  s t a t e  which t h e  system tends  t o  assume. 
The mechanism of t h e  abso rp t ion  process  i s  v e r y  complex and no t  
thoroughly understood,  e s p e c i a l l y  when t u r b u l e n t  f low i s  involved .  
The b a s i c  equa t ion  f o r  de sc r ib ing  the  a b s o r p t i o n  p roces s  by a  
s t a t i o n a r y  l i q u i d  under uns teady-s ta te  cond i t i ons  i.s F i c k ' s  Second Law of 
I n  an a t t empt  t o  s imp l i fy  and d e s c r i b e  t h e  rnass t r a n s f e r  p roces s  
a  mass t r a n s f e r  c o e f f i c i e n t ,  k, has  been de f ined ,  reduc ing  equa t ion  (1) 
to:  
Symbols a r e  de f ined  i n  Appendix A ,  page 31. 
There a r e  many t h e o r i e s  which a t tempt  t o  i n t . e r p r e t  and exp la in  t h e  
p r o p e r t i e s  of mass t r a n s f e r  c o e f f i c i e n t s .  The most. accepted  ones a r e :  
t he  f i l m  theory ,  t h e  p e n e t r a t i o n  theory  and t h e  boundary l a y e r  theory.  
They a r e  a l l  s p e c u l a t i o n s  and a r e  c o n t i n u a l l y  being; r e v i s e d .  The f i l m  
theory is  t h e  o l d e s t .  It assumes t h e  e x i s t e n c e  of a  s t a t i o n a r y  f i l m  wi th  
zero v e l o c i t y  of gas  and l i q u i d  on both s i d e s  of t h e  i n t e r f a c e  which con- 
s t i t u t e s  t h e  r e s i s t a n c e  t o  mass t r a n s f e r .  Under ccndi tons  where t h e  
l i q u i d  f i l m  r e s i s t a n c e  is c o n t r o l l i n g ,  a s  is t h e  case  f o r  t h e  oxygen ab- 
s o r p t i o n  by water ,  t h e  gas  f i l m  r e s i s t a n c e  i s  neglec ted .  The concen- 
t r a t i o n  of t he  bu lk  of t h e  l i q u i d  and, gas  beneath t h i s  f i l m  is kep t  uni- 
form by mixing wh i l e  t h e  s u r f a c e  is  a t  a l l  t i m e s  i n  chemical equ i l i b r ium 
wi th  t h e  gas  phase. 
The r a t e  of abso rp t ion  per  u n i t  t i m e  per  unLt a r e a  i s  given by t h e  
expression:  
It seems d o u b t f u l ,  however, whether t h e  convent iona l  p i c t u r e  
b e a r s  a  very c l o s e  r e l a t i o n  t o  t h e  a c t u a l  mechanis~n of abso rp t ion .  The 
cond i t i ons  r equ i r ed  t o  main ta in  a  s t agnan t  f i l m  a t  t h e  i n t e r f a c e  of an 
a g i t a t e d  l i q u i d  appears  t o  b e  l ack ing ,  and i t  seems more probable t h a t  
tu rbulence  extends t o  t h e  s u r f a c e  and t h a t  t h e r e  i s  n e i t h e r  a  laminar  
l a y e r  no r  s t a g n a n t  f i l m .  This  t heo ry  i s  t h e  most ~ . i d e l y  t augh t  today 
though t h e  f i c t i t i o u s  n a t u r e  of t h e  l i q u i d  f i l m  i s  probably wide ly  sus-  
pec t ed .  
I n  1935 Higbie  [6 ]  i n t e g r a t e d  equa t i on  (1)  t o  g ive :  
which i s  t h e  b a s i s  of t h e  p e n e t r a t i o n  theory .  Higbie  emphasized t h a t  i n  
many s i t u a t i o n s  t h e  t ime  of exposure  of a  f l u i d  t o  mass t r a n s p o r t  is  
s h o r t  s o  e q u i l i b r i u m  i s  never  reached a t  t h e  i n t e r f a c e .  The p e n e t r a t i o n  
theory  i s  a p p l i c a b l e  on ly  when t h e  d i f f u s i n g  molecc.les have n o t  com- 
p l e t e l y  p e n e t r a t e d  t h e  f l u i d  l a y e r  i n  ques t i on  and f o r  s h o r t  exposure  
t imes.  I t  i s  b e s t  s u i t e d  f o r  f a l l i n g  j e t s  of l i q u i d  and f o r  l i q u i d  
l a y e r s  descending i n  s h o r t  wet ted-wal l  columns when r i p p l i n g  is  a b s e n t .  
The more r e c e n t  boundary l a y e r  theory  d i f f e r - s  from t h e  f i l m  and 
p e n e t r a t i o n  t heo ry  i n  t h a t  a l lowance is  made f o r  two-dimensional v e l o c i t y  
~ r o f i l e s  a t  t h e  i n t e r f a c e .  I n  t h e  t h e o r i e s  d i s cus sed  above. t h e  v e l o c i t y  
I a t  t h e  i n t e r f a c e  w i l l  n o t  normally bk. z e ro .  But i f  one of t h e  phases  i s  
a  s o l i d  t h e  f l u i d  v e l o c i t y  p a r a l l e l  t o  t h e  s u r f a c e  a t  t h e  i n t e r f a c e  must 
b e  zero .  The boundary l a y e r  nex t  t o  t h e  i n t e r f a c e  is c h a r a c t e r i z e d  by 
laminar  flow. For  t h e  t u r b u l e n t  r eg ion ,  e x a c t  s o l ~ ~ t i o n s  a r e  no t  known be- 
cause  of i n s u f f i c i e n t  knowledge of t h e  t u rbu l ence ,  a l though  approxima- 
t i o n s  have been made by B i rd ,  S tewar t  and Lightfool: [ 7 ] .  I n  t h i s  approach, 
t h e  mass t r a n s p o r t  phenomena a r e  assumed t o  be s i m i l a r  t o  h e a t  t r a n s p o r t  
and t h e  average  mass t r a n s f e r  c o e f f i c i e n t  i s  def ined  by: 
As may b e  s e e n  from t h e s e  t h r e e  t h e o r i e s  p re sen t ed ,  each viewed 
t h e  problem i n  a d i f f e r e n t  l i g h t ,  made d i f f e r e n t  a:;sumptions and thus  
a r r i v e d  a t  d i f f e r e n t  conc lus ions .  However, none 05 them i s  adequate  t o  
d e s c r i b e  t h e  process  under s tudy  i n  t h i s  r e sea rch .  
The abso rp t ion  of one component of a gas  mix ture  by a l i q u i d  drop, 
which is growing a s  a r e s u l t  of condensing vapor  on i t s  s u r f a c e ,  i s  a ve ry  
complex p roces s  c h a r a c t e r i z e d  a s  a n  uns teady-s ta te  system of coupled h e a t  
and mass t r a n s f e r  w i th  va ry ing  s u r f a c e  a r e a .  
S t u d i e s  have been made t o  p r e d i c t  t h e  behavior  of t h i s  system. 
Danckwerts [8 ]  developed a t heo ry  of abso rp t ion  assuming t h e  l i q u i d  sur -  
f a c e  is  c o n t i n u a l l y  be ing  renewed w i t h  f r e s h  l i q u i d .  He po in t ed  o u t  t h a t  
t h e  Higbie theory wi th  i t s  cons t an t  t i m e  of exposure i s  a s p e c i a l  c a se  of 
what may be  a more r e a l i s t i c  p i c t u r e ,  where t h e  t ime of exposure v a r i e s .  
Danckwerts developed t h e  fo l lowing  exp re s s ion  f o r  mass t r a n s f e r :  
( s e e  Sherwood, P igford  and Wilke [9 ]  and Treybal  [ 3 ] ) .  
L a t e r  Groothius  and Kramers [ l o ]  and then  E,eck and Kramers [ l l ]  
developed a model which p r e d i c t s  mass t r a n s f e r  c o e f f i c i e n t s  based on t h e  
cont inuous formation of f r e s h  s u r f a c e  dur ing  growth. Angelo, L i g h t f o o t  
and Howard 1121 developed t h e  s u r f a c e  s t r e t c h  model, which g i v e s  
p r e d i c t i o n  of mass t r a n s f e r  c o e f f i c i e n t s  which are i n  r ea sonab le  agree-  
ment w i th  t h e  p r e d i c t i o n s  based on t h e  assumption c)f c o n t i n u a l  s u r f a c e  
renewal made by Groothius ,  -- e t  a l .  [ l o ] ,  and Beck, -- c!t  - a l .  [ l l ] ,  Angelo, 
e t  a l .  [ 1 2 ] ,  r epo r t ed  mass t r a n s f e r  c o e f f i c i e n t s  a t  l e a s t  15  t imes  a s  --
h igh  a s  p r e d i c t e d  by boundary-layer theory .  They a l s o  developed an  ex- 
p re s s ion  f o r  t h e  more genera l  s i t u a t i o n  of app rec i ab l e  r e s i s t a n c e  i n  each 
phase by assuming t h e  s u r f a c e  s t r e t c h  model t o  d e s c r i b e  t h e  t r a n s f e r  pro- 
c e s s  i n  bo th  phases .  
Lewis and Whitman [13]  d e s c r i b e  t h e  e f f e c t  of s o l u b i l i t y  on t h e  ab- 
s o r p t i o n  r a t e  of a  s o l u t e  gas .  Any f a c t o r  which t m d s  t o  reduce t h e  
t h i cknes s  of t h e  s u r f a c e  f i l m  should i n c r e a s e  t h e  c o e f f i c i e n t  of absorp- 
t i o n .  They showed t h a t  when l i q u i d  water  was s t i r r e d  t h e  v a l u e  of t h e  
mass t r a n s f e r  c o e f f i c i e n t  f o r  oxygen inc reased  about  25 times a s  compared 
t o  t h e  one f o r  which t h e  l i q u i d  remained undis turbed .  Whitman and Davis 
[14]  compared t h e  abso rp t ion  r a t e s  f o r  v a r i o u s  gases  of d i f f e r e n t  so lu-  
b i l i t i e s  and determined t h a t  because of i ts  low s o l u b i l i t y  i n  wa te r ,  
oxygen abso rp t ion  is c o n t r o l l e d  by l i q u i d  f i l m  d i f f u s i o n .  
Haslam, Hershey and Keen [15]  showed t h a t  t h e  gas  f i l m  c o e f f i c i e n t  
decreases  somewhat wi th  temperature  because t h e  r a t i o  of d e n s i t y  t o  v i s -  
c o s i t y  f o r  t h e  gas  dec reases  and t h e r e f o r e  t h e  gas f i l m  becomes t h i c k e r .  
Becker [16]  s t u d i e d  t h e  mechanism of abso rp t ion  of moderately s o l u b l e  
gases  when t h e  l i q u i d  was bo th  s t i r r e d  and f r e e  from a g i t a t i o n .  H i s  r e -  
s u l t s  w i t h  s t i r r e d  s o l u t i o n s  compare f avo rab ly  w i th  those  of Lewis, e t  a l .  
[13] .  But t h e  r e s u l t s  ob ta ined  when t h e  l i q u i d  was no t  d i s t u r b e d  could 
n o t  be i n t e r p r e t e d  s i n c e  i t  was ev iden t  t h a t  s t r a 1 5 f i c a t i o n  e f f e c t s  w e r e  
pronounced. 
I 
L i c h t  and Conway [17]  i d e n t i f i e d  t h r e e  s e p a r a t e  s t a g e s  i n  d r o p l e t  
mass t r a n s f e r :  t h e  drop formation time, t h e  t ime clf r i s e  o r  f a l l  through 
t h e  cont inuous medium, and t h e  drop coalescence pe r iod .  They observed 
t h a t  t h e  r a t e  of abso rp t ion  was g r e a t e s t  i n  t h e  drop format ion  s t a g e ,  and 
t h a t  du r ing  t h i s  s t a g e  t h e  s o l u t e  was n o t  t r a n s f e r r e d  by t h e  o rd ina ry  pro- 
c e s s  of d i f f u s i o n .  
Whitman, Long and Wang [18]  performed experiments  t o  d e t e r n i n e  mass 
t r a n s f e r  c o e f f i c i e n t s  f o r  a  water  drop formed a t  a  c a p i l l a r y  and f a l l i n g  
through a  t ube  of f i x e d  h e i g h t  f i l l e d  wi th  a  c e r t a i n  gas ;  they  used car -  
bon d iox ide  and ammonia. Whitman, -- e t  a l . [18] ,  d i d  n o t  a t t empt  t o  de t e r -  
mine t h e  amount of carbon d iox ide  absorbed by t h e  drop du r ing  i t s  forma- 
t i o n ,  b u t  over t h e  t o t a l  l i f e  of t h e  drop. They assumed t h a t  b e  e x t r a -  
p o l a t i n g  t o  zero t ime of formation,  t h e  abso rp t ion  du r ing  f a l l  could b e  
c a l c u l a t e d  and hence, by s u b t r a c t i o n  from t h e  tota.L, t h e  a b s o r p t i o n  dur- 
i n g  formation determined. They concluded t h a t :  ( i)  t h e  r a t e  of absorp- 
t i o n  du r ing  formation of t h e  drop i s  c o n s t a n t ;  ( i i )  t h e  amount of ab- 
s o r p t i o n  dur ing  t h e  f a l l  of f i x e d  l eng th  i s  c o n s t a n t  and independent  of 
t i m e  of  formation;  and ( i i i )  t he  amount of a b s o r p t i o n  dur ing  f a l l  i s  
always much g r e a t e r  than du r ing  formation.  H a t t a  and Baba [19] ,  fbl low- 
i n g  t h e  assumption by Whitman, -- e t  a l . [ 18 ] ,  of n e g l i g i b l e  a b s o r p t i o n  
du r ing  t h e  format ion  pe r iod ,  der ived  on t h e o r e t i c a l  grounds t h r e e  formu- 
l a s  f o r  a  f a l l i n g  drop i n  carbon d ioxide  i n  accordance  wi th  t h r e e  
assumptions: ( i )  no damping of tu rbulence  i n  t h e  drop du r ing  f a l l ;  ( i i )  
g r adua l  damping of t u rbu lence  i n  t h e  drop a t  t h e  s t a r t  of f a l l ;  and 
( i i i )  complete damping of t u rbu lence  i n  t h e  drop s.t t h e  s t a r t  of  t h e  
f a l l .  They found t h a t  t h e  t h i r d  assumption on t h e  whole agreed  b e s t  
with  t h e i r  exper imenta l  d a t a .  
Shaba l in  [ Z O ] ,  working a long  s i m i l a r  l i n e s ,  ensured t h a t  each drop 
had a t t a i n e d  a  s t e a d y  t e rmina l  v e l o c i t y  b e f o r e  e n t e r i n g  t h e  a b s o r p t i o n  
tube and measured t h e  abso rp t ion  by drops of s e v e r a l  s i z e s  du r ing  f a l l  
through v a r i o u s  d i s t a n c e s .  He found t h a t  t h e  r a t e  of carbon d iox ide  
absorp t ion  pe r  u n i t  s u r f a c e  a r e a  r a t h e r  s u r p r i s i n g l y  i nc reased  s l i g h t l y  
wi th  i n c r e a s e  i n  s i z e  of t h e  drop ,  b u t  he a t t r i b u t e d  t h i s  t o  g r e a t e r  
f r i c t i o n a l  r e s i s t a n c e  of t h e  surrounding gas .  He a l s o  found a  con- 
s i d e r a b l e  a b s o r p t i o n  of carbon d iox ide  owing t o  t h e  impact of t h e  drop on 
t h e  t e rmina t ion  of  i t s  f a l l  a t  maximum speed.  J o h ~ l s t o n e  and Williams [21]  
a l s o  i n v e s t i g a t e d  t h e  abso rp t ion  of gases  by d r o p l e t s  du r ing  f a l l  and ob- 
t a ined  s i m i l a r  r e s u l t s .  
I n  1950 Dixon and R u s s e l l  [22] ,  i n  t h e  b e l i e f  t h a t  a b s o r p t i o n  dur- 
i n g  formation might n o t  only b e  s i g n i f i c a n t  i n  i t s l s l f  b u t  might a l s o  i n -  
f l uence  a b s o r p t i o n  during l a t e r  s t a g e s ,  performed ,s s t u d y  on t h e  absorp- 
t i o n  of carbon d i o x i d e  by i n d i v i d u a l  drops of water .  They showed t h a t ,  
contrary to the r e s u l t s  of previous workers, t h e  r a t e  of  gas  a b s o r p t i o n  
of a  drop du r ing  t h e  pe r iod  of formation may b e  ve ry  h igh ,  e s p e c i a l l y  
when t h e  t ime of format ion  is  v e r y  s h o r t .  This  is due t o  t h e  t u rbu lence  
produced w i t h i n  t h e  drop by t h e  i n j e c t i o n  of t h e  supply  je t ,  which re- 
duces t h e  r e s i s t a n c e  t o  d i f f u s i o n  a t  t h e  s u r f a c e  clf t h e  drop.  Dixon and 
Russe l l  showed t h a t  t h e  mass t r a n s f e r  c o e f f i c i e n t  du r ing  format ion  i s  in-  
v e r s e l y  p r o p o r t i o n a l  t o  a  f u n c t i o n  of  t h e  t i m e  of format ion  and d i r e c t l y  
p ropor t i ona l  t o  t h e  degree  of tu rbulence .  
The exper imenta l  e f f o r t  d i s cus sed  above ha:; involved  t h e  s tudy  
of t h e  d r o p l e t  fo rmat ion  pe r iod  and f a l l  upon i ss i i ing  from a  c a p i l l a r y  
t i p .  These mechanisms may be  u s e f u l  i n  d e s c r i b i n g  and c h a r a c t e r i z i n g  
s p r a y s  o r  jets, b u t  they  do n o t  adequa t e ly  d e s c r i b e  fog  o r  c loud  forma- 
t i o n .  Bogaevsk i i  [ 4 ]  observed w a t e r  condensate  i n s i d e  a  copper p y r i t e  
mine con t a ined  c o n s i d e r a b l y  q u a n t i t i e s  of s u l f u r  d i o x i d e ,  i n  f a c t  t h e  
condensa te  was s u p e r s a t u r a t e d .  H e  hypothes ized  a b s o r p t i o n  supe r sa tu r a -  
t i o n  of t h e  water w i t h  s u l f u r  d i o x i d e  a s  a consequence of t h e  r e p e a t e d  ab- 
s o r p t i o n  of t h i s  g a s  on growing d rops  of wate r  by condensa t ion .  
Drost-Hansen 1231 ha s  c h a r a c t e r i z e d  t h e  p roce s s  by p i c t u r i n g  t h e  
drop s u r f a c e  a s  c o n t a i n i n g  a  f i n i t e  number of s i tes  where s o l u t e  can be- 
come a t t a c h e d .  When t h e s e  sites become s a t u r a t e d ,  a b s o r p t i o n  would cease .  
But i f  wa t e r  vapor  i s  c o n t i n u a l l y  b e i n g  condensed on t h e  s u r f a c e ,  new s u r -  
f a c e  and new s i t e s  are be ing  c r e a t e d  a t  a rate dependent  on t h e  r a t e  of 
condensa t i on .  It might  b e  expec ted ,  then,  t h a t  t h e  uns t eady - s t a t e  con- 
densa t i on  mechanism n o t  on ly  i n c r e a s e s  t h e  r a t e  of mass t r a n s f e r ,  b u t  
a l s o  t e n d s  t o  s u p e r s a t u r a t e  t h e  growing d r o p l e t  wit.h r e s p e c t  t o  t h e  gas  
i n  ques t i on .  
I n  order to test experimentally t h e s e  phenomena, i t  w a s  nece s sa ry  
t o  de s ign  an  exper iment  t h a t  would c o n s i d e r  t h e  e f f e c t  of d r o p l e t  growth 
by condensa t ion  a lone .  S ince  oxygen is a gas  of moderate  s o l u b i l i t y  i n  
water, i t  w a s  nece s sa ry  t o  keep t h e  d rop  suspended from t h e  t i p  of a hy- 
podermic n e e d l e  i n  a s t r e a m  o f  gas  f o r  a c o n s i d e r a l ~ l e  t i m e .  I n  t h e  f i r s t  
exper iment ,  t h e r e  w a s  no condensa t i on  of vapor  on t h e  d rop .  Then absorp-  
t i o n  of 0 w a s  measured i n  t h e  p r e sence  of s u p e r s a t u r a t e d  amounts of 
2  
water vapor .  
CHAPTER I11 
INSTRUMENTATION AND EQUIPMENT 
The experimental apparatus can be divided in.to t h r e e  p a r t s  accord- 
ing t o  t h e i r  funct ion  i n  the  experiment: t he  s e c t i o n  t h a t  c o n t r o l s  and 
measures t h e  v a r i a b l e s  inf luencing  the  absorpt ion  r a t e ;  t h e  p o r t i o n  re-  
l a t i n g  t o  the  quan t i ty  t h a t  i s  measured, t h a t  i s ,  the  oxygen absorbed by 
the  d rop le t ;  and f i n a l l y  and most important ly,  t he  component where t h e  
process takes  p lace ,  t h e  contac t  chamber. 
The contac t  chamber was a  g l a s s  tube 60 cent imeters  i n  length  and 
3.5 centimeters  i n  diameter.  Is is shown schemat ica l ly  i n  Figure 1. 
This chamber was hand blown i n  the  Georgia Tech Glass Blowing Laboratory 
and cons is ted  of a  s t r a i g h t  tube with one main o u t l e t  where t h e  d r o p l e t  
was co l l ec ted  f o r  immediate a n a l y s i s .  Immediately above t h i s  o u t l e t  tube 
was a  hypodermic needle wi th  t h e  t i p  pol i shed f l a t  and placed s o  t h a t  i t s  
t i p  was a t  t he  c e n t e r  of t h e  contac t  chamber. The thermometer was placed 
downstream from t h e  needle  s o  a  reading of t h e  gas  temperature could be 
had a s  near  the drop a s  p o s s i b l e  bu t  without  a f f e c t i n g  t h e  gas flow a s  i t  
passes  by the  drop. A t  t h e  ent rance  t o  t h e  con tac t  chamber t h e r e  were a  
p a i r  of b a f f l e s  t o  i n s u r e  mixing of the  gas s treams i n s i d e  t h e  con tac t  
chamber. The g l a s s  tube was sea led  a t  t h e  ends blr cemented p l e x i g l a s s  
p l a t e s .  The gases were de l ivered  t o  t h e  chamber hy tubing ending a t  
Swagelock f i t t i n g s  which screwed i n t o  the  P l e x i g l a s s  p l a t e s .  The chamber 
a l s o  contained two d r a i n s  f o r  removing t h e  condensate. These were kept  
c l o s e d  d u r i n g  e a c h  r u n  t o  p r e v e n t  e s c a p e  o f  g a s .  
Thermometer Constant Temperatu re Tank 
Water Dra in  
Drain 
U Collection Flask 
F i g u r e  1. C o n t a c t  Chamber. 
The g l a s s  sys tem was s u p p o r t e d  from a  l a b o r a t o r y  r a c k  by clamps.  
The whole  t u b e  was wrapped w i t h  a s b e s t o s  c l o t h  t o  keep i t  i n s u l a t e d .  
The o t h e r  s e c t i o n  of t h e  e x p e r i m e n t a l  a p p a r a t u s  c o n s i s t e d  o f  t h e  
i n s t r u m e n t s  t o  m o n i t o r  and measure  t h e  independen t  v a r i a b l e s  a f f e c t i n g  
t h e  a b s o r p t  j o n  r a t e .  
The g a s  d e l i v e r y  s y s t e m  i s  shown s c h e m a t i c ~ ~ l l y  i n  F i g u r e  2 .  The 
f u n c t i o n  of t h i s  s y s t e m  was t o  meter, mix and humid i fy  t h e  g a s e s  b e f o r e  
d e l i v e r i n g  them t o  t h e  c o n t a c t  chamber s o  t h e  d e s : ~ r e d  c o m p o s i t i o n  and 
humid i ty  c o u l d  be a t t a i n e d .  
The g a s e s  were  d e l i v e r e d  t o  t h e  c o n t a c t  chamber i n  two s t r e a m s ,  
one  humid and t h e  o t h e r  d r y ,  and b o t h  a t  t h e  same t e m p e r a t u r e  of  2 6 ' ~ .  
The humid s t r e a m  c o n s i s t e d  of n i t r o g e n  a n d / o r  oxy,zen drawn f rom a  c y l i n d e r  
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F i g u r e  2. Gas D e l i v e r y  Systern. 
t h r o u g h  a v a l v e ,  a check  v a l v e ,  a h e a t  e x c h a n g e r ,  a n  
r o t a m e t e r  and f i n a l l y  th rough  t h e  h u m i d i f i e r  b e f o r e  
t h e  i n l e t  o f  t h e  chamber. The h u m i d i f i e r  was mainza  
t e m p e r a t u r e  by  e x t e r n a l  c i r c u l a t i o n  of warm w a t e r  :Er 
FK2, C o n s t a n t  Tempera tu re  Ba th .  The d r y  s t r e a m  c o i ~ s  
o r  oxygen t a k e n  f rom a c y l i n d e r ,  t h r o u g h  a v a l v e ,  2 
exchanger .  a n o t h e r  check  v a l v e .  t h rough  a r o t a m e t e r  
d e l i v e r e d  t o  t h e  c o n t a c t  chamber. The f l o w m e t e r s  us 
t u b e s ,  Nos. 605, which  were  i d e a l  f o r  t h e  f l o w  r a t e  
was used  f o r  t h e  g a s  l i n e .  
The g a s  s a m p l i n g  s y s t e m  i s  shown i n  F i g u r e  3. 
s y s t e m  was t o  t a k e  samples  of t h e  g a s e s  i n  t h e  c o n t a  
r e p r e s e n t a t i v e  o f  t h e  c o n d i t i o n s  e x i s t i n g  n e a r  t h e  d  
s t r e a m  l e a v i n g  t h e  c o n t a c c  chamber was s p l i t .  One p  
o t h e r  check  v a l v e ,  a 
i t  was d e l i v e r e d  t o  
i n e d  a t  a c o n s t a n t  
om a Haake,  Model 
i s t e d  o f  n i t r o g e n  a n  
check  v a l v e ,  a h e a t  
and f i n a l l y  ;mixed a n  
ed  w e r e  Matheson 
u s e d .  Tygon t u b i n g  
The f u n c t i o n  o f  t h  
c t  chamber which  w e r  
r o p l e t .  The g a s  
a r t  w a s  s e n t  t o  t h e  
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I Figure  3.  Gas Sampling Syst~em. 
- - 
Hygrometer t o  g i v e  t h e  reading  f o r  t h e  humidi ty at: t h e  dew p o i n t  tempera- 
t u r e  of t h e  gas.  The o t h e r  p a r t  of t h e  s t ream was; s e n t  t o  t h e  oxygen an- 
a l y z e r  where a  r e a d i n g  of t h e  oxygen con ten t  of t h e  g a s  s t ream was given.  
For t h i s  a  Beckman, Model 742, Oxygen Analyzer was used.  
The f i n a l  system of t h i s  s e c t i o n  3s  t h e  water  supply  system. The 
f e e d  water  used was f i r s t  d i s t i l l e d  and d e i o n i z e d ,  then  i t  was passed 
through an oxygen removal i on  exchange c a r t r i d g e  :LO o b t a i n  t h e  h igh  p u r i -  
t y  and ze ro  oxygen d e s i r e d .  The s y r i n g e  was immersed i n  a  c o n s t a n t  t e m -  
p e r a t u r e  t ank  a t  5OC wi th  t h e  need le  s t i c k i n g  through t h e  bottom of i t .  
The tank was then  p laced  i n  i t s  p o s i t i o n  a t o p  t h e  c o n t a c t  chamber s o  t h e  
need l e  would go through t h e  h o l e  and i n t o  t h e  chamber ( s e e  F igu re  1 ) .  Be- 
f o r e  s t a r t i n g  an experiment ,  t h e  s y r i n g e  was f i l l e d  w i t h  h igh -pu r i t y  wate r  
and al lowed t o  r each  thermal  equ i l i b r i um.  The c o n t a c t  chamber was wrapped 
w i th  Te f lon  t ape  t o  p r even t  condensate  from forming i n  t h e  stem of t h e  
need l e  and d r ipp ing  down t o  t h e  t i p  dur ing  t h e  exper iments .  The need l e  
was a 24 gauge r u s t l e s s  s t e e l  hypodermic need l e  w i t h  t h e  end squared  o f f  
and po l i shed .  A p i c t u r e  of a d rop  suspended on i t s  t i p  showed i t  was 
s p h e r i c a l  i n  shape.  
The t h i r d  and l a s t  p a r t  of t h e  exper imenta l  a p p a r a t u s  was t h a t  
which measured t h e  oxygen d i s s o l v e d  i n  t h e  wa te r .  For t h i s  purpose a 
Nate l son  Microgasometer, Model 650, was used. It was chosen because on ly  
a sma l l  amount of sample, 0.030 m i l l i m e t e r ,  was necessary  t o  o b t a i n  a 
r e a d i n g  . 
CHAPTER I V  
PROCEDURE 
I n  t h i s  s e c t i o n ,  t h e  procedure used i n  c a r r y i n g  o u t  a n  experimen- 
t a l  t e s t  w i l l  b e  descr ibed  wi th  a s  much d e t a i l  a s  p o s s i b l e  s o  i t  could b e  
dup l i ca t ed  i f  d e s i r e d .  
P r i o r  t o  making a  run ,  s e v e r a l  p r e p a r a t i o n s  had t o  be  made. The 
dew po in t  hygrometer and oxygen ana lyze r  were connected t o  a  cons tan t -  
v o l t a g e  t ransformer  and allowed t o  warm t o  equi1ib:rium. The h o t  water  
b a t h  was tu rned  on and t h e  water  temperature  a l lowed t o  e q u i l i b r a t e .  
While t h e s e  ins t ruments  were allowed t o  s t a b i l i z e ,  t h e  s t anda rd  r e a g e n t s  
f o r  use i n  t h e  Natelson Microgasometer were preparl2d. They a r e :  
1. 1.2% Potassium Fe r r i cyan ide  - 1 .2  grams of potassium 
f e r r i c y a n i d e  a r e  d i s so lved  i n  water  and made up t o  100 m l .  
2. 1% Saponin - 1 gram of  saponin  is d i s so lved  i n  water  and made 
up t o  100 m l  w i t h  normal s a l i n e  s o l u t i o n  (0.9% NaC1). This  
was prepared f r e s h  every week. 
3. Saponin Fe r r i cyan ide  Mix - every day 1 . 5  m l  of 1 .2% potassium 
f e r r i c y a n i d e  s o l u t i o n  w e r e  mixed wi th  10  m l  of 1% saponin  and 
covered wi th  c a p r y l i c  a l c o h o l  t o  avoid  c o n t a c t  wi th  ambient 
a i r .  
4 .  3 N  Sodium Hydroxide - 12 grams of  NaOH a r e  d i s so lved  i n  wa te r  
and made up t o  100 m l .  
5. 1N Potassium Hydroxide - 5.6  grams of KOH a r e  d i s so lved  i n  
water  and made up t o  100 m l .  
6 .  Sodium Hydrosu l f i t e  So lu t ion  - every day 1 gram of sodium hy- 
d r o s u l f i t e  was placed i n  a 7 m l  v i a l  and covered wi th  mineral  
o i l .  5 m l  of 1 N  KOH were added. 
Af t e r  t h e  p repa ra t ion  of t hese  r eagen t s ,  a reading  of a blank was 
made i n  t h e  microgasometer t o  determine t h e  oxygen con ten t  of t h e  s tan-  
dard  r eagen t s  a lone .  
A volume of about 100 m l  of d i s t i l l e d  and de ionized  water  was 
passed through t h e  oxygen removal i on  exchanger t o  remove a l l  t h e  oxygen 
d i s so lved  i n  t h e  water .  This  was then analyzed wi th  t h e  microgasometer 
t o  check on t h e  oxygen content ;  t he  r e s u l t  was always zero.  
The oxygen ana lyze r  w a s  c a l i b r a t e d  wi th  a gas of known oxygen com- 
p o s i t i o n .  And f i n a l l y ,  t h e  sy r inge  w a s  f i l l e d  wi th  t h e  h igh  p u r i t y  de- 
oxygenated water  and immersed i n  t h e  co ld  water  tank  and allowed t o  reach  
thermal  equ i l i b r ium a t  5°C.  
A t  t h i s  p o i n t ,  every th ing  was ready t o  s tar t :  a test .  The gas cyl-  
i n d e r s  w e r e  opened and t h e  flow rates ad jus t ed  wi th  t h e  va lves  u n t i l  t h e  
d e s i r e d  reading  was obta ined  i n  each ro tameter .  Then r ead ings  of t h e  dew 
p o i n t  hygrometer,  oxygkn ana lyzer  and thermometer were made. These in-  
s t ruments  were monitored throughout a test f o r  con:;tancy. Af t e r  allow- 
i n g  a few minutes t o  a s s u r e  s t eady  cond i t i ons ,  t h e  c o l l e c t i n g  f l a s k  was 
connected t o  t h e  bottom of t h e  cen te r  o u t l e t  of t h s  con tac t  chamber, a s  
shown i n  F igure  1. Now a drop of water  was allowed t o  form a t  t h e  t i p  of 
t h i s  hypodermic need le  and remain suspended f o r  t h e  d e s i r e d  time. A f t e r  
t h i s  t ime,  i t  was allowed t o  drop i n t o  t h e  c o l l e c t i o n  f l a s k .  Before form- 
i n g  t h e  nex t  drop,  an  amount of water  equ iva l en t  t o  t h e  one t h a t  remained 
i n  t h e  s t e m  of t h e  need le  i n  t h e  prev ious  run  was d i s ca rded  t o  a s s u r e  
t h a t  t h e  water  t empera ture  was a t  t h e  equ i l i b r ium tempera ture  of 5 O C .  
Af te r  c o l l e c t i n g  a few drops ,  t h e s e  were t r a n s f e r r e d  t o  t h e  microgaso- 
meter s o  t h a t  they  would be exposed f o r  t he  minimum amount of t ime t o  t h e  
a i r  i n s i d e  t h e  c o l l e c t i n g  f l a s k ,  and no oxygen would be  absorbed o r  de- 
sorbed.  To a s s u r e  t h i s ,  an experiment was made s i m u l a t i n g  a t y p i c a l  run .  
Here drops of wa te r  were allowed t o  f a l l  from t h e  hypodermic need le  i n t o  
t he  c o l l e c t i n g  f l a s k  a t  i n t e r v a l s  and allowed t o  s t a n d  i n s i d e  t h e  f l a s k  
f o r  t h e  same time a s  i n  a t y p i c a l  r u n .  It was shown t h a t  no d e t e c t a b l e  
amount of oxygen was absorbed by t h e  wa te r .  
Enough drops were c o l l e c t e d  t o  f i l l  t h e  c a p i l l a r y  t ube  of t h e  
microgasometer t o  a volume of  0.12 m l .  Now t h e  saponin  f e r r i c y a n i d e  
r eagen t  w a s  added t o  r e l e a s e  t h e  a i r  d i s so lved  i n  t h e  sample of wa te r  and 
t h e  t o t a l  p r e s s u r e  exe r t ed  by t h i s  a i r  was r ead  from t h e  manometer i n  
m i l l i m e t e r s  of mercury. Then NaOH, 3 N ,  was added t o  absorb  t h e  carbon 
d iox ide  i n  t h e  a i r  which was r e l e a s e d  i n  t h e  f i r s t  s t e p ,  and t h e  p r e s s u r e  
again read. The di f ference i n  p r e s s u r e  g i v e s  t h e  p a r t i a l  p r e s s u r e  of car -  
bon d ioxide .  The t h i r d  and f i n a l  s t e p  was t o  add i3 sodium h y d r o s u l f i t e  
s o l u t i o n  t o  absorb  t h e  oxygen i n  t h e  a i r  r e l e a s e d  i n  t h e  f i r s t  s t e p .  The '  
manometer is  r e a d  and t h e  d i f f e r e n c e  i n  p r e s s u r e  i n  t h i s  and t h e  second 
s t e p  g i v e s  t h e  p a r t i a l  p r e s s u r e  of oxygen. This ,  when m u l t i p l i e d  by a 
given f a c t o r ,  g i v e s  t h e  mi l l ig rams  of oxygen d i s s o l v e d  i n  t h e  sample of 
water .  For a d d i t i o n a l  in format ion  on t h e  procedure and mechanism of t h i s  
instrument  t h e  Nate l son  Microgasometer Model 650, I n s t r u c t i o n  Booklet No. 
6 can b e  consul ted .  
Three samples were taken  and analyzed f o r  each time-humidity- 
concen t r a t i on  combination. The a r i t h m e t i c  average  c f  t h e  t h r e e  r ead ings  
was t aken  a s  t h e  f i n a l  r e s u l t  ( s e e  Appendix H ) .  One p a r t i c u l a r  set of 
d a t a  was c o l l e c t e d  a t  a  s p e c i f i e d  s u p e r s a t u r a t i o n  r a t i o ,  s i n c e  t h i s  took 
l onge r  t o  change than  e i t h e r  t h e  oxygen c o n c e n t r a t i c n  i n  t h e  gas  s t r eam 
o r  t h e  exposure  t i m e .  Therefore ,  a t  one s u p e r s a t u r ~ . t i o n  r a t i o ,  d a t a  were 
taken  f o r  one oxygen c o n c e n t r a t i o n  i n  t h e  gas  a t  s i n :  d i f f e r e n t  exposure  
t imes.  Then t h e  oxygen c o n c e n t r a t i o n  was changed ac.d s i x  more runs  a t  
d i f f e r e n t  exposure t i m e s  were made. 
I n  t o t a l ,  four  s u p e r s a t u r a t i o n  r a t i o s  -- 1.0,  1 .5 ,  2.0 and 2.5 -- 
were ana lyzed  w i th  f o u r  oxygen concen t r a t i ons  i n  t h e  gas  -- 21, 40, 60 and 
80% by volume -- and s i x  exposure  t i m e s  of 15 ,  30, 60, 90, 120 and 180 
seconds.  A t o t a l  of 96 d a t a  p o i n t s  were ob t a ined .  
CHAPTER V 
RESULTS AND DISCUSSION OF RESULTS 
Any e r r o r s  i n  t h e  d a t a  a r e  due e i t h e r  t o  sampling and measurement 
e r r o r s  o r  t o  sys t ema t i c  e r r o r s .  The l a t t e r  would i n c l u d e  those  a r i s i n g  
from t h e  absence of c o n t r o l  of a  system parameter  c r  a  f a i l u r e  of t h e  
v a l i d i t y  of one of  t h e  assumptions.  
A number of assumptions have been made. It has  been assumed t h a t  
t h e  gases  a s  t hey  en t e r ed  t h e  c o n t a c t  chamber were very  w e l l  mixed and 
no oxygen, t empera ture  o r  humidity g r a d i e n t  e x i s t e d  i n s i d e  t h e  chamber. 
I t  was a l s o  assumed t h a t  no oxygen was absorbed wh i l e  t h e  drop was i n  
t h e  c o l l e c t i n g  f l a s k ,  and t h a t  no s i g n i f i c a n t  desor-pt ion occur red  a s  t h e  
d r o p l e t  s t r u c k  t h e  bottom of t h e  f l a s k .  
The ins t rument  was c a l i b r a t e d  a g a i n s t  a c c u r a t e  s t anda rds  t o  mini- 
mize e r r o r s  i n  measurements. I n  u s ing  t h e  Natelsorl Microgasometer pre-  
c i s i o n  and s e n s i t i v i t y  were s a c r i f i c e d  because of t h e  need of a small- 
volume sample ana lyze r .  Readings were ob ta ined  t o  a;  p r e c i s i o n  of - + 0 . 2  
mg l l t  . 
A major problem was encountered i n  c a l c u l a t i n g  t h e  tempera ture  of 
t h e  drop as a f u n c t i o n  of t ime and i n  exp la in ing  t h e  r e s u l t s  i n  view of 
t h i s  c o n s i d e r a t i o n .  An energy ba l ance  was performed around a  drop of 
water  a s  desc r ibed  i n  Appendix C.  A m a t e r i a l  ba l ance  i s  a l s o  der ived  i n  
Appendix C f o r  t h e  drop.  Two d i f f e r e n t i a l  equat ioi ls  were ob ta ined  as a  
f u n c t i o n  of t empera ture  and t h e  mass of t h e  drop.  These were so lved  
us ing  t h e  Runge-Kutta method of approximation f o r  d i f f e r e n t i a l  equa t ions  
( s e e  Appendix C ) .  A computer program showing t h e  method used and t h e  re-  
s u l t s  ob ta ined  is inc luded  i n  t h i s  appendix. I n  making t h i s  c a l c u l a t i o n ,  
t h e  p r o p e r t i e s  of t h e  water  and a i r  were assumed cons t an t  a t  t h e  f i l m  tem- 
p e r a t u r e ,  21°C, and a t  t h e  gas temperature ,  26OC, r e s p e c t i v e l y .  
A s  can be  s een  from t h e  r e s u l t s  of t h e  program, t h e  tempera ture  
r i s e s  q u i t e  r a p i d l y  du r ing  t h e  f i r s t  few seconds and then  slows u n t i l  i t  
reaches  a n  equ i l i b r ium va lue .  The f i n a l  t empera ture ,  a f t e r  3 minutes ,  
reached by t h e  drop i s  d i f f e r e n t  f o r  each s u p e r s a t u r a t i o n  r a t i o .  For a  
s u p e r s a t u r a t i o n  r a t i o  of 1 .5 ,  which i s  e q u i v a l e n t  t.o a  p a r t i a l  p r e s s u r e  
of water  i n  t h e  gas of 9.8918 mm Hg, t h e  water  drop r eaches  equ i l i b r ium 
a t  2 9 4 . 4 0 " ~ .  Here t h e  drop which is  i n i t i a l l y  a t  5178.15"K i s  r e c e i v i n g  
both l a t e n t  h e a t  from t h e  condensing vapor and s e n s i b l e  h e a t  from t h e  gas 
which i s  a t  a  h ighe r  temperature ,  299.15"K. A s  t h e  tempera ture  of t h e  
drop r i s e s ,  i t s  vapor  p re s su re  i n c r e a s e s  and i t  would r each  a  p o i n t  where 
i t s  vapor  p r e s s u r e  was h ighe r  than t h e  p a r t i a l  p r e s s u r e  of wa te r  i n  t h e  
gas.  This occurred after approximately 28.5 seconcls and a t  a t empera ture  
of 2 9 3 . 4 8 " ~ .  A f t e r  t h i s  t i m e ,  cont inuous evaporat:ion of t h e  drop occu r s  
s i n c e  t h e  system h a s  reached a  thermal  equ i l i b r ium where t h e  h e a t  l o s s  by 
evapora t ion  i s  balanced by t h e  h e a t  ga in  from t h e  gas by convec t ion .  A t  
h ighe r  s u p e r s a t u r a t i o n  r a t i o s ,  evapora t ion  never  occurs  because  t h e  
p a r t i a l  p r e s s u r e  of water  i n  t h e  gas  was always h i g h e r  t han  t h a t  of t h e  
water  drop. A t  a  s u p e r s a t u r a t i o n  r a t i o  of 2.5,  which is e q u i v a l e n t  t o  a  
p a r t i a l  p r e s s u r e  of water  i n  t h e  gas  of 16,4864 mm Hg, t h e  drop reaches  
an equ i l i b r ium temperature  of 299.95"K, which i s  h i g h e r  t han  t h a t  of t h e  
gas.  I n  t h i s  ca se ,  s e n s i b l e  h e a t  is  l o s t  by convec.tion t o  t h e  gas  and 
t h i s  is balanced by an  equ iva l en t  h e a t  ga in  by conclensation of t h e  vapor .  
I n  computing t h i s  temperature  i t  is  assumed t h a t  t h e  water  ha s  an 
i n f i n i t e  thermal  conduc t iv i t y ,  i . e . ,  t h a t  t h e  tempera ture  of t h e  drop i s  
uniform throughout .  I n  r e a l i t y ,  water  has  a  f i n i t e  thermal  conduc t iv i t y ,  
and t h e  tempera ture  a t  t h e  c e n t e r  of t h e  drop i s  1c:ss than  t h e  tempera- 
t u r e  a t  i t s  s u r f a c e .  It was found ( s ee  Appendix Dl1 t h a t  t h e  temperature  
a t  t h e  c e n t e r  of  t h e  drop w i l l  r each  t h e  temperatu1:e of  t h e  s u r f a c e  about  
s i x  seconds l a t e r .  
F igu re s  4 through 7 show t h e  oxygen absorbed by t h e  wa te r  drop a s  
a  f u n c t i o n  of t ime f o r  d i f f e r e n t  s u p e r s a t u r a t i o n  r a t i o s  and f o r  d i f f e r e n t  
oxygen c o n t e n t s  f o r  t h e  a i r .  The curves  presen ted  showed an i n c r e a s e  i n  
t h e  oxygen c o n t e n t  i n  t h e  drop  a s  time i n c r e a s e s .  A t  f i r s t  t h e  i n c r e a s e  
i s  q u i t e  r a p i d  then i t  tends  t o  reach  equ i l i b r ium a t  a  lower r a t e .  Thus 
oxygen a b s o r p t i o n  is always i n c r e a s i n g  wi th  time a 1  though t h e  temperature  
of t h e  drop i s  a l s o  i n c r e a s i n g ,  and consequent ly ,  t h e  s a t u r a t i o n  s o l u b i l i -  
t y  of oxygen should dec rease .  This  behavior i s  explained by the  f a c t  t ha t  
t h e  water  drop h a s  neve r  reached s a t u r a t i o n  and, no m a t t e r  i f  t h e  tempera- 
t u r e  i n c r e a s e s ,  t h e  drop w i l l  con t inue  t o  absorb oxygen u n t i l  i t  r eaches  
t h e  s a t u r a t i o n  v a l u e  a t  t h a t  temperature  ( s e e  Appendix E ) .  
I n  F igu re  8 ,  t h e  oxygen absorbed by t h e  drop is p l o t t e d  a g a i n s t  
t h e  wa te r  condensed i n  i t .  A s t r a i g h t  l i n e  shows t h a t  t h e  i n c r e a s e  i n  
t h e  oxygen con ten t  i n  t h e  drop i s  d i r e c t l y  proport . iona1 t o  t h e  wa te r  con- 
densed i n  t h e  drop ( s e e  Appendix F and Table 6 f o r  c a l c u l a t i o n s  and tabu- 
l a t i o n  of  t h e  d a t a  i n  F igure  8 ) .  
Comparison of t h e  t h e o r e t i c a l  Henry's-Law Constant  w i t h  t h e  
g r e a t e r .  Consequent ly  t h e  w a t e r  t h a t  i s  condensing on t h e  d rop  i s  super -  
s a t u r a t e d  w i t h  oxygen. So, i t  can b e  concluded that: t h e  ra te  of oxygen 
absorbed d u r i n g  condensa t ion  is g r e a t e r  t han  t h e o r i e s  p r e d i c t .  
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Figure  4. Oxygen Dissolved I n  Water Clrop V s .  Time Of 
Exposure A t  An Oxygen Concent ra t ion  I n  A i r  Of 21% By Volume. 
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Figure  5. Oxygen Dissolved I n  Water Drop V s .  Time Of 
Exposure A t  An Oxygen Concentrat ion I n  A i r  Of 40% By Volume. 
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F igure  6.  Oxygen Dissolved I n  Water Drop V s .  Time Of 
Exposure A t  An Oxygen Concent ra t ion  I n  A i r  Of 60% By Volume. 
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Figure 4. Oxygen Dissolved In Water Drop V s .  Time Of 
Exposure A t  An Oxygen Concentration In A i r  Of 80$ BY VO~UIIE. 
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F igu re  8. Moles Of Oxygen Absorbed Pe r  cm2 Drop l e t  
V s .  Moles Water Condensed Pe r  cm2 Drop l e t .  
CHAPTER V I  
CONCLUSIONS 
From t h e  r e s u l t s  ob t a ined  i n  t h i s  r e s e a r c h ,  t h e  fo l lowing  conclu- 
s ion  can b e  drawn: 
1. The e x i s t i n g  t h e o r i e s  of abso rp t ion  a r e  inadequate  t o  de- 
s c r i b e  t h e  p roces s  of abso rp t ion  of a  gas  by a  l i q u i d  drop of 
wa te r  d u r i n g  s u r f a c e  renewal by condensat ion.  
2 .  The r a t e  of mass t r a n s f e r  of oxygen i n c r e a s e s  w i th  oxygen con- 
c e n t r a t i o n  i n  t h e  gas s t ream,  w i t h  i n c r e a s i n g  exposure t ime 
and w i t h  i n c r e a s i n g  r a t e  of condensa t io i~ .  
3 .  The moles of oxygen absorbed is direct1:y p r o p o r t i o n a l  t o  t h e  
moles of  water  condensed i n  a drop.  
4. Under cond i t i ons  of s u r f a c e  renewal by condensat ion t h e  r a t e  
of m a s s  t r a n s f e r  i s  h ighe r  than  t h e o r i e s  p r e d i c t .  
CHAPTER VII 
RECOMMENDATION S 
The need f o r  more s t u d i e s  of s u r f a c e  phenomena, e s p e c i a l l y  t h e  
e f f e c t s  on condensa t ion  is e v i d e n t .  There  have been ob t a ined  promising 
r e s u l t s  on t h e  e f f e c t  of humid i ty  on t h e  a b s o r p t i o n  of oxygen by w a t e r  
d r o p l e t s  from t h e  a i r .  F u r t h e r  s t u d i e s  i n  t h i s  a r e a  might p roduce  va lu-  
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APPENDIX B 
DETERMINATION OF MASS TRANSFEFl 
COEFFICIENT FOR CONDENSED WATER 
where  D = .29 c m  
p c f  = 1 .840  x l o w 4  gr /cm-sec  
-5 
CB = 6.40 x 1 0  gr-mole/cm 
3 
[ f r o m  steam t a b l e s ]  
-1 2 
DB = 2.5911 x 1 0  c m  / s e c  [eq. 16 .3 -1  B i r d ,  -- e t  a l . [ 7 ]  ] 

DETERF4INATION OF HEAT TRANSFER COEF 'FICIENT 
Nu = 2.0 + 0.6 ( ~ e ) l / '  (Pr )  1 /  3 





ENERGY BALANCE AROUND A DROP 
3 -5.535 x 10 
+ 21.15 P = exp T 
S u b s t i t u t i n g  t h e s e  v a l u e s  i n  t h e  energy  e q u a t i o n :  
where X = 585.04 c a l / g r  
2  
Ky = 6.8886 x gr/cm sec 
d T  1 -3 T H ~ O ~  
t h e n  - = 2 -2134 x - - 7.399 x 1 0  - 
d t  11 3 11 3 + 2.648 x lo-' m m m 
7 
-4.0574 x 1 0  exp 
4 - 6.9352 x 1 0  exp T 
m 
MATERIAL BALANCE AROUND DROP 
2 
where Kx = 6.8886 x gr/cm -sec 
T k : l f = T E Y P f  i d  
. T IP lE=T  1 4 E I i d  
td='h:I!d i I 
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El i t 3  
Table  1 . Temperature  O f  Water Drop. 
H 0  P a r t i a l  P r e s s u r e  
2 
9.8918 mm Hg 
Exposure  Time 
15 .00  sec 
Temperature  
Time, Sec .  Deg. K. D r o p l e t  Mass, G r .  
4 3  
T a b l e  1. Temperature O f  Water Drop (Cont inued)  . 
H 0 P a r t i a l  P r e s s u r e  2 
9.8918 mm Hg 
Exposure Time 
30 . O O  s e c  
- - - - - - - - - - - -- -- - - - -  - -- - -- 
Temperature 
Time, Sec .  Deg. K .  D r o p l e t  Mass, G r .  
T a b l e  1 . Temperature  Of Water Drop (Cont inued)  . 
H 0 P a r t i a l  P r e s s u r e  
2 
9.8918 mm Hg 
Exposure Time 
60.00 s e c  
Temperature  
Time, Sec.  Deg. K.  D r o p l e t  Mass, G r .  
T a b l e  1 . Tempera ture  Of Water Drop ( C o n t i n u e d )  . 
H 0 P a r t i a l  P r e s s u r e  
2 
9 .8918  mrn Hg 
Exposure  Time 
60.00 s e c  ( c o n t i n u e d )  
Tempera ture  
Time, Sec .  Deg. K.  D r o p l e t  Mass, G r .  
Table  1. Temperature O f  Water Drop (Cont inued) .  
H 0 P a r t i a l  P r e s s u r e  2 
9.8918 mrn Hg 
Exposure Time 
90 .OO s e c  
Temperature 
Time, Sec.  Deg. K.  D rop l e t  Mass, G r .  
Table  1. Temperature O f  Water Drop (Cont inued) .  
H 0 P a r t i a l  P r e s s u r e  2 
9.8918 mm Hg 
Exposure Time 
90.00 s e c  (con t inued)  
Temperature 
Time, Sec. Deg. K. D r o p l e t  Mass, G r .  
Table 1. Temperature O f  Water Drop (Continued) 
K 0 P a r t i a l  P re s su re  
2 
9.8918 mm Hg 
Exposure Time 
120.00 s e c  
Temperature 
Time, Sec. Deg. K.  Drople t  Mass, G r .  
T a b l e  1. Temperature  O f  Water Drop (Cont inued)  
H 0  P a r t i a l  P r e s s u r e  
2 
9 .8918  mm Hg 
Exposure  Time 
120.00 s e c  ( c o n t i n u e d )  
--- - - - - - -- - 
Temperature  
Time, Sec .  Deg. K.  D r o p l e t  Mass, G r .  
Table  1. Temperature Of  Water Drop (Corltinued) 
H20 P a r t i a l  P r e s s u r e  
9.8918 mm Hg 
Exposure Time 
180.00 s e c  
Temperature 
Time, Sec. Deg. K.  D rop l e t  Mass, G r .  
Table I . Temperature O f  Water Drop (Continued) 
H 0 P a r t i a l  P r e s s u r e  
2 
9.8918 mm Hg 
Exposure Time 
180.00 s e c  (cont inued)  
Temperature 
Time, Sec. Deg. K.  Drople t  Mass, G r .  
Table 1. Temperature Of Water Drop (Continued) . 
H 0 Partial Pressure 
2 




Time, Sec. Deg. K. Droplet Mass, Gr. 
Table 1 . Temperature :Of Water Drop (C,on tinued) . 
H 0 Partial Pressure 
2 




Time, Sec. Deg. K. Droplet Mass, Gr. 
Table 1. Temperature :Of Water Drop (Continued) 
H 0 P a r t i a l  P res su re  
2 
13.1891 H g  
Exposure Time 
60.00 s e c  
Temperature 
Time, Sec. Deg. K. Droplet  Mass, G r .  
Table 1 . Temperature O f  Water Drop (Continued) 
H 0 P a r t i a l  P re s su re  
2 
13.1891 mm Hg 
Exposure Time 
60.00 s e c  (cont inued)  
Temperature 
Time, Sec Deg. K. Drople t  Mass, G r .  
T a b l e  1. Temperature  O f  Water Drop (Cont inued)  
H 0 P a r t i a l  P r e s s u r e  
2 
13.1891 mm Hg 
Exposure Time 
90.00 s e c  
Temperature 
Time, Sec.  Deg. K. D r o p l e t  Mass, G r .  
Table  1. Temperature Of Water Drop (Cont inued)  
H 0 P a r t i a l  P r e s s u r e  
2 
13.1891 IIIII-I Hg 
Exposure Time 
90.00 s e c  ( c o n t i n u e d )  
Temperature 
Time, Sec.  Deg. K.  D r o p l e t  Mass, G r .  
Table 1 .  Temperature O f  Water Drop (Continued) 
H20 P a r t i a l  Pressure  
13.891 mm Hg 
Exposure Time 
120.00 sec  
Temperature 
Time, Sec. Deg. K.  Droplet Mass, G r .  
T a b l e  1. Temperature O f  Water Drop (Cont inued)  
H 2 0  P a r t i a l  P r e s s u r e  
13.8918 mm Hg 
Exposure Time 
120.00 s e c  ( c o n t i n u e d )  
Temperature  
Time, Sec Deg. K .  D r o p l e t  Mass, G r .  
Table 1. Temperature O f  Water Drop (Continued) 




180.00 s e c  
Time, Sec 
Temperature 
Deg. K. Droplet  Mass, G r .  
Table  1. Temperature O f  Water Drop (Continued) 
H 0  P a r t i a l  P r e s s u r e  2 
13.8918 mm Hg 
Exposure Time 
180  .OO s e c  (con t inued)  
Temperature 
Time, Sec.  Deg. K. Drop le t  Mass, G r .  
Table 1. Temperature Of Water Drop (Continued) 
H 0 Partial Pressure 
2 




.Time, Sec. Deg. K. Droplet Mass, Gr. 
Table 1. Temperature Of Water Drop (Continued) 
H 0 Partial Pressure 
2 




Time, Sec. Deg. K. Droplet Mass, Gr. 
Table 1. Temperature Of Water Drop (Continued) 
H 0 Partial Pressure 
2 




Time, Sec. Deg. K. Droplet Mass, Gr. 
Table  1. Temperature O f  Water Drop (Continued) 
H20 P a r t i a l  P r e s s u r e  
16.4864 mm Hg 
Exposure Time 
60.00 s e c  (cont inued)  
Temperature 
Time, Sec. Deg. K .  Drople t  Mass, G r .  
Table  1. Temperature O f  Water Drop (Cont inued)  
H 0 P a r t i a l  P r e s s u r e  2 
16.4864 mm Hg 
Exposure Time 
90.00 s e c  
Temperature 
Time, Sec.  Deg. K.  D r o p l e t  Mass, G r .  
T a b l e  1. Temperature  O f  Water Drop (Cont inued)  
H20 P a r t i a l  P r e s s u r e  
16.4864 mrn Hg 
Exposure  Time 
90.00 s e c  (Cont inued)  
Temperature  
Time, Sec  Deg. K.  D r o p l e t  Mass, G r .  
Table 1. Temperature :Of Water Drop (Continued) 
H 0 Partial Pressure 2 




Time, Sec. Deg. K. Droplet Mass, Gr. 
Table  1. Temperature O f  Water Drop (Cont inued)  
H 0 P a r t i a l  P r e s s u r e  
2 
16.4864 mm H g  
Exposure Time 
120.00 s e c  ( c o n t i n u e d )  
Temperature  
Time, Sec. Deg. K .  D r o p l e t  M a s s ,  G r .  
T a b l e  1. Tempera tu re  O f  Water  Drop (Con t inued)  
H 0  P a r t i a l  P r e s s u r ~ .  2 
16.4864 rnm Hg 
Exposure  Time 
1 8 0  .OO s e c  
Tempera ture  
Time, Sec .  Deg. K.  D r o p l e t  Mass, G r .  
T a b l e  1. Temperature  O f  Water Drop (Cont inued)  
H 0  P a r t i a l  P r e s s u r e  2 
16.4864 mm Hg 
Exposure Time 
:L80.00 s e c  ( c o n t i n u e d )  
Temperature 




DETERMINATION OF THE ERROR INCTJIRED 
I N  ASSUMING A UNIFORM DROP TEMPEWiTURE 
pB = 1 grjcm 
3 
u s i n i  F igure  11.1-3, B i rd ,  g aJ., [ 7 ] ,  making t h e  o r d i n a t e ,  1.; - TI] 
a s  c l o s e  a s  p o s s i b l e  t o  1 . 0  s i n c e  t h i s  would mean t h a t  Tc, t h e  tempera ture  
a t  t h e  c e n t e r  i s  c l o s e  t o  T t h e  temperature  a t  t h e  s u r f a c e .  
i' 
For 
Solving f o r  "t"" 
This  means t h a t  t he  tempera ture  a t  t h e  c e n t e r  of t h e  drop w i l l  
reach t h e  tempera ture  of t h e  s u r f a c e  5.88 seconds l a t e r .  This  d o e s n ' t  
p r e sen t  much of an  e r r o r  s i n c e  a f t e r  around 1 5  seconds t h e  temperature  
of t h e  s u r f a c e  i s  no t  vary ing  t o o  much s o  t h e  tempera ture  a t  t h e  c e n t e r  
i s  very  n e a r l y  equa l  t h a t  a t  t h e  s u r f a c e .  
APPENDIX E  
DETERMINATION OF OXYGEN SATURA'I'ION 
SOLUBILITY I N  WATER 
When wa te r  is  i n  equ i l i b r ium wi th  ambient a i r ,  t h e  s a t u r a t i o n  con- 
c e n t r a t i o n  of oxygen i n  water  is g iven  by: 
S u b s t i t u t i o n  i n t o  t h i s  equa t ion  f o r  t h e  t e q ? e r a t u r e  of t he  drop a t  
d i f f e r e n t  t i m e s  would g i v e  t h e  oxygen s a t u r a t i o n  i n  water  a t  d i f f e r e n t  
t i m e s .  (See Table 2  below.) 
~ a b l e 2  . Oxygen S a t u r a t i o n  S o l u b i l i t y  I n  Water 
I n  Equi l ib r ium With A i r  a t  21% Oxygen. 
- - -- - - - 
Oxygen 
Time Temp. Supe r sa tu ra t i on  S a t u r a t i o n  
b e d  (OK) Rat io  (mg / l t )  
Table  2 .  Oxygen S a t u r a t i o n  S o l u b i l i t y  I n  Water 
I n  E q u i l i b r i u m  With A i r  a t  21% Oxygen (Cont inued) .  
Oxygen 
Time Temp. S u p e r s a t u r a t i o n  S a t u r a t i o n  
(set) ( OK) R a t i o  ( m % / l t )  
0  278.15 2.0 13 .2  
1 5  293.37 2.0 9.2 
30 296.71 2.0 8 .9  
60 297.33 2.0 8 . 8  
90 297.35 2.0 8 .8  
120 297.35 2.0 8.8 
1 8 0  297.35 2.0 8 .8  
I f  t h e  oxygen c o n t e n t  of t h e  a i r  v a r i e s ,  t h e  oxygen s a t u r a t i o n  con- 
c e n t r a t i o n  changes  a c c o r d i n g  t o  Henry's  Law. 
C a l c u l a t i o n  of Henry ' s  Law Cons tan t  from t h e  r e s u l t s  o b t a i n e d  i n  
T a b l e  5  l e a d s  t o  t h e  s a t u r a t i o n  c o n c e n t r a t i o n ,  
Cs ' a t  a s p e c i f i c  oxygen 
p a r t i a l  p r e s s u r e s  i n  t h e  a i r  ( s e e  T a b l e 3  t o  5  on t h e  f o l l o w i n g  pages  
f o r  r e s u l t s ) .  
Table  3 .  Oxygen S a t u r a t i o n  S o l u b i l i t y  I n  Water 
I n  Equi l ib r ium With A i r  A t  40% 0x:ygen. 
Henry ' s O ~ Y  gen
Time Temp. Constant  S u p e r s a t u r a t i o n  S a t u r a t i o n  
(set) (OK) (mmHg/mg/ 1 t )  R a t i o  (mg/ l t )  
Table  4. Oxygen S a t u r a t i o n  S o l u b i l i t y  I n  Water 
I n  Equi l ib r ium With A i r  A t  60% Oxygen. 
Henry 's Oxygen 
Time Temp. Constant  Supe r sa tu r a t . i on  S a t u r a t i o n  
k c >  ("0 (mmHg/mg/lt) Ra t i o  (mg/lt> 
Table 5. Oxygen S a t u r a t i o n  S o l u b i l i t y  I n  Water 
I n  Equi l ibr ium With A i r  a t  80% Oxygen. 
Henry ' s Oxygen 
Time Temp. Cons t a n  t Supe r sa tu ra  t i on  S a t u r a t i o n  
(set> ( O K )  (mmHg/mg/lt) R a t i o  (mg/ l t>  
APPENDIX F  
DETERMINATION OF MOLES OF WATER 
2  
CONDENSED ON DROPLET SURFACE PER 0 1  DROPLET 
From t h e  r e s u l t s  i n  t he  computer program, t h e  t o t a l  mass of t h e  
drop is  obta ined ,  then  s u b t r a c t i n g  t h i s  from t h e  i n i t i a l  mass and d i v i d i n g  
by t h e  molecular weight and t h e  s u r f a c e  a r e a  g ives : :  





S u b s t i t u t i n g  i n  Equation F . l :  
where 
Moles of H20 Condensed = 
(m - .01344) 
5 4m 
2 
Values  of t h e  moles of w a t e r  condensed p e r  c:m of d r o p l e t  a r e  g i v e n  
i n  Tab le  6 .  
Table 6. Water Condensed I n  Drop. 
Oxygen H 0 Condensed Oxygen Absorbed 2 
Time Supe r sa tu ra t i on  i n  A i r  2 2 
b e d  R a t i o  (% by Vol.) (gr-mole/'cm ) (gr-mole/cm ) 
r l r l r l r l  
3 3 3 3 
m m m m  . . . .  
m m m m  
* * * *  
1 I 
0  0  lo lo 
r l r i r l r l  
X X X X  
r l r l r l d  
r l r l r l r l  
X X X X  
O N r l r l  
m o m \ D  . . . .  
c V * * m  
. . . .  
I I I I  
0 0 0 0  
r l r l r l r l  
X x 22co03 
b b b b  
0 3 0 3 0 3 0 3  
I I I I  
0 0 0 0  
r l o o o .  ~ 0 0 0  
N * \ D o O  c V * \ D 0 3  
r l o o o  
c V * \ D o o  
0 0 0 0  m m m m  
e . . .  e . . .  
W c V c V c V  C Y c V c V c V  
0  0  0  0  m m m m  
0 3 0 3 0 3 0 3  r l r l r l r l  
r l r l r l r l  
m m m m  . . . .  
cV cV hl N 
0 0 0 0  m m m m  
m m m m  . . . .  
W c V c V c V  
0 0 0 0  
m m m m  
Table  6. Water Condensed I n  Drop (Cont inued) .  
Oxygen 




b e d  R a t i o  (% by Vol.) (gr-rnole/crnL) (gr-rnole/cmL) 
APPENDIX G 
DETEMIINATION OF HENRY'S LAW 
CONSTANT FROM EXPERIMENT 
A  s t e p w i s e  r e g r e s s i o n  a n a l y s i s  i s  conduc ted  u s i n g  t h e  d a t a  in 
F i g u r e  8. (See  T a b l e  7 . )  
A f t e r  i n t e g r a t i o n  
T a b l e  7. E x p e r i m e n t a l  Value Of H e n r y ' s  Law 
C o n s t a n t  As Def ined  I n  Appendix  G 
Henry's Law Constant i s  g iven  by 
Values of C a r e  g iven  i n  Tables  2 t o  5 f o r  d i f f e r e n t  v a l u e s  of 
S 
For Y = 0 . 4 0  
09 
S u b s t i t u t i o n  
Comparing both  t h e  exper imenta l  v a l u e ,  k w i th  t h e  t h e o r e t i c a l  
2 '  





T a b l e  8 . E x p e r i m e n t a l  D a t a .  
T i m e  A i r  T e m p .  S u p e r s a t u r a t i o n  i n  A i r  A b s o r b e d  
b e d  ("0 R a t i o  (% by V O ~ . )  ( m g / l t >  
Table  8. Exper imental  Data (Continued) . 
- - - - - - - - - - - - - 
Oxy g;en Oxygen 
Time A i r  Temp. Supersa  t u r a  t i o n  i n  Air Absorbed 
(set> ( " c )  R a t i o  ( %  by Vol.)  (mg/l  t )  
Table 8 .  Experimental Data (Continued) . 
Oxy gtm Oxygen- 
Time  Air Temp. Supersaturation i n  A:ir Absorbed 
(sec)  ( " c )  Ratio (% by l!~l .) (mg/lt) 
Table 8 . Experimental Data (Continued) . 
Oxygen O ~ Y  gen 
Time Air Temp. Super sa tu ra t ion  i n  A i r  Absorbed 
(sec)  COc> Rat io  (% by Vol.) (mg/l t) 
Table 8 . Experimental Data (Continued) . 
Oxygen O ~ Y  gen 
Time A i r  Temp. S u p e r s a t u r a t i o n  i n  A i r  Absorbed 
(set) ("0 Rat io  (% by 1'01 .) (mg/ l t )  
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